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????????? ????? ???? ???????????? ??????????
:"*"'(!(%) !"%!") "%&(!-$%) &"#0'(*$%) !"7)
!"%(''$77$)"*)7(%)"#-*"*,-(%):(*:7-$*('"%)!"7)
???????????? ?????? ??????????? ???? ???????? ???
????????? ??? ?????????????? ???????? ??????????
???? ?????? ???????????? ?????????? ??? ??? ?? ???
??? ?????? ?????????????? ?????????? ?????
???? ??????? ?? ?????? ?????? ??????? ????? ??????
"%&") #$#"*&$) "#0-"6(*) () &$#(') (+:")
7(%) #-:'(,-$*"%) &(*:"*,-(7"%) !+'(*&") "7)
!"%(''$77$);1)!(!$)2+")%")<(/=()"*,$*&'(!$)
??? ??????? ??? ???? ???????? ?????????? ???? ?????
????????????????????????????????????????????
0$')*+#"'$%$%)7(/$'(&$'-$%>)?%&$)0'$*&$)!-@)
%+%).'+&$%);)+*)(3$)!"%0+9%)%")!"%,'-/-@)2+")
7(%),97+7(%)%+/0(7-(7"%)2+")"*&'(*)"*)"7)0(7-$)
????? ?????????????? ??? ????????? ???????????
?????????? ?? ?????? ?????? ????????? ?? ??????
??????? ?????? ?????? ??? ??????? ???? ???
#(;$'=() !") 7(%) -*&"'*"+'$*(%) 2+") 0+"/7(*)
7() ,$'&"6() ,"'"/'(71) %") :"*"'(*) "*) 7(%)
??????????? ????????????? ?????????? ??????? ??
!"#$%&'()???????????????????????????????????????????????????????????????????????????????????????
????????????????????? ???? ????????????????????????????????????? ????? ???????????????? ??????? ?????
?????????????????????????????????????????????????????????????????????????????????????????????
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!"#$"%&'(')*+,"*')*')-+"')-+,#!+#,"'.)$/"*+)'
./0,"!/1*' +"*0)*!/"%2' 3)' )-+"' ."*),"4'
?????????????????????????????????????????????
??????????? ????????????????????????????????
???? ?????????????? ???????? ?? ??? ??????????
???????? ?????? ????? ????? ????????? ??? ???
??????????????????????????????
!!"#$%#&'()$%*%#+#&'#,'-*!.-
????????????????????????????????????????
56')-'#*"'$)'%"-'!"7"-',)-#%+"*+)-4'8#*+9'!9*'
????????????????????????????????????????????
?????????????????????????????????????????????
)*' -#' 7",+)' /*:),/9,2' 5)' +,"+"' $)' #*"' $)' %"-'
???????????? ?????????? ???? ???????????
!90)*),;*$9-)' +).79,"%.)*+)' !9*' %"-'
??????????????????????????
?????????????????????? ???????????????????
"<9-' )*' )%' !9*9!/./)*+9' $)%' $)-",,9%%9' $)'
%"' !9,+)="' !),)>,"%4' +9$"?@"' A"(' *#.),9-9-'
.)!"*/-.9-'B#)'*9'-)'!9*9!)*'>/)*4'!9.9'
)%' 7"7)%' B#)' $)-).7)<"*' (' )%' 9,/0)*' 9'
????????????????????????????????????????????
??????????????????????????????????????????????
?).9-'B#)'./)*+,"-'#*9-'"#+9,)-'$)-!,/>)*'
??? ??????????????? ???? ??? ????????????? ??????
+"*+9'-#'+,"*-/+9,/)$"$4'9+,9-'"#+9,)-'">90"*'
79,' -#'7),."*)*!/"'$#,"*+)' %"' ?/$"'"$#%+"2'
C*' ,9)$9,)-' "$#%+9-' -)' 7#)$)' 9>-),?",'
!%",".)*+)'#*"'A/%),"'$)'!D%#%"-')*!/."'$)'
-#-+"*!/"' >%"*!"4' >/)*' $/:),)*!/"$"-' $)' %"'
?????????????????????????? ???????????????????
-)' :"!/%/+"' :,"*!".)*+)' -#' 9>-),?"!/1*2'
5/' 79,' )%' !9*+,",/9' )E"./*".9-' "*/."%)-'
0/,)*!D:"%9-4' %"' !9-"' -)' !9.7%/!"4' 7#)-' %"-'
??????? ??? ????????? ?????????? ??????????????? ????????? ??????? ?? ?? ?????? ? ??????????????
/0012"#???????????????? ?????? ???? ???? ??????? ???????????? ?? ??????????? ??? ??????? ???????????
-)')*!#)*+,"*')*'$/-79-/!/1*'7),7)*$/!#%",'"%')8)'?)*+,@!#%9F7@"2'5)'9>-),?"'B#)'7,9?/)*)*'$)%'
???????????? ??????????????? ???????????????????????? ???????????????????????? ????????? ??????????
????????????????????????????? ?????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????? ??????????????????????????????????????????????
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???????? ??? ??? ????????? ??????? ?????????
!"#$%&' !"' ()' *+*$)#,-)' .()#,)/' )(' )+0"#$)%'
"(' 1&(+0"#'2'3("4)0-"#$&*'!"(' $"5-!&6'7*$)*'
,8(+()*' .-"#' 3&!%9)#' *"%' ()*' !"*,%-$)*' 3&%'
??????????????????????????????????????????????
*+*$)#,-)'.()#,)'2':+"'2)'1-&'3&%'3%-0"%)'1";'
??????????? ???????????????
????? ?????? ??????????? ???????????????
"#'"*$)!-&'!"'<<'=)2'+#'3)%'!"'3&.(),-&#"*'
,"(+()%"*' :+"' *"' 4"#"%)#' 0>*' &' 0"#&*' )('
?????? ?????? ?? ???????? ???? ??????????? ???
??????????????? ?????? ????????? ???? ???????????
??????????????????????????????????????????????????
:+"'()*'3%-0"%)*'3%&,"!"#'!"'+#)'"*$%+,$+%)'
$%)#*-$&%-)'!+%)#$"'"('!"*)%%&((&/'*-$+)!)'"#'"('
$"%,-&',)+!)('!"('0+%&'0"!-)('$"("#,"?>(-,&/'
??? ???????? ????? ???? ??? ?????? ???????
??????????????????????????????????????? ???
???????????????????????????????????????????
!-?"%"#$"*' &3-#-&#"*' "#' ,+)#$&' )(' (+4)%' !"'
??????????? ??? ????? ????????? ????????? ?????
!"' ),+"%!&' )' (&*' "*$+!-&*' %")(-;)!&*' "#' "('
?????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????????
??????????????????????????????????????????
!",-0&*/'"@-*$"#'().&%)$&%-&*':+"'*"'-#,(-#)#'
3&%'&$%)*'>%")*'!"'&%-4"#'!"'"*$)'3&.(),-A#'
???????? ???????? ??????????? ????????????????
????????????????????????????????????????????????
??? ??? ?? ?????? ?????? ??? ??? ?? ?????? ???????
7#' ,+)(:+-"%' ,)*&/' !"*!"' "*$)' "*$%+,$+%)/'
??? ???????? ????? ???? ???????? ??????? ????? ???
?????????? ?????? ???????? ?? ??????????????
??????????? ??? ??????? ??????????????? ??????
B:+8'3)*)',&#' ()'3&.(),-A#'!"',8(+()*'!"' ()'
C<D' 7*$>' !"*,%-$&' :+"' "*$)*' ,8(+()*' *"' ,&E
???????? ???? ???? ???????? ??? ??????????????
???????????????????????????????????????? ?????
?????????????????????????????????????????????
?????????????????????????????????????????????
4"#"%)#D'F' !9)' !"' =&2/' #&' "*$>' ,()%)0"#$"'
!"0&*$%)!&6' C"' ,%""' :+"' *"' 4"#"%)#' "#' ()'
????????????????????????????????????????????
*+' "*$%)$&' *+.3-)(' 0"!-)#$"' 0-4%),-A#'
%)!-)(6' C-#' "0.)%4&/' "@-*$"#' "1-!"#,-)*' !"'
="$"%&4"#"-!)!'!"'"*$)'3&.(),-A#'#"+%&#)(/'
??? ???? ??????? ???????? ???? ??? ??? ????? ???
4"#"%),-A#'2'3&%'(&'$)#$&'*"'3&!%9)'=).()%'!"/'
)('0"#&*/'+#'&%-4"#'!+)('!"'()'C<6'
????? ????? ????????? ??? ??? ???????????????
!"' "*$)' 3&.(),-A#' ,"(+()%6' 7*' 3&%' "((&'
:+"' "*' !"' &.(-4)!&' 3()#$")0-"#$&' *-'
????? ??????????????? ?????????? ?????????
)*&,-)!)' +#)' )03(-)' 3)("$)' !"' ?+#,-&#"*'
??????????????????????? ???????????????????????
*+' 3"%*-*$"#,-)' "#' )!+($&/' B,+>(' "*' "(' 3)3"('
??? ????? ????????? ???????? ??? ??? ?????????? ???
!"*)%%&(()!&D' ' G#&' !"' (&*' 3)3"("*' -#-,-)("*'
:+"'*"'("')$%-.+2"')'()'C<'"*'"('!"',&#*"4+-%'()'
?????????????????????????????????????????????
?? ???????????????? ??????? ?? ?????? ??????
?????? ?? ??????? ????????????? ?? ?????? ???????
F!"0>*/' $)0.-8#' *"' ("' )$%-.+2"' ?+#,-&#"*'
$)("*' ,&0&' ()' ?&%0),-A#' !"' ()*' ,&(+0#)*'
!"' &%-"#$),-A#' 2' !&0-#)#,-)' &,+()%' "#' ()'
,&%$";)'1-*+)(/'()'?&%0),-A#'!"'.)%%-("*'"#'()'
,&%$";)' *&0)$&*"#*&%-)(' "' -#,(+*&' "(' ),$+)%'
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!"#"$ !%&'&()$ *+",-.()$#(.!(,/"$ -&$ !(#+,"$
???????????????????????????????????????????????
?????????? ?? ????????????? ??? ????????? ??
????????? ?????????????? ??????????????
#0)$ (&&0$ /-$ -)1()$ 2',!+",-)3$ (',4'-$ ,"$
!","!+/()3$ &()$ !%&'&()$/-$ &($56$ 1-,7(,$"1.")$
???????? ????????????? ??? ?????????? ??? ???????
/-&$()',1"$-)$4'-$1"/()$-)1()$2',!+",-)$,"$)-$
8(,$/-#")1.(/"$-,$)'$1"1(&+/(/3$1.(10,/")-$
&($#(9".:($ /-$-&&()$ /-$8+*;1-)+)$ /-$ 1.(<(="3$
*".$&"$4'-$)-$.-4'+-.-,$-)1'/+")$#0)$)-.+")$
??????????????????????????????????
>,($/-$&()$*.+#-.()$2',!+",-)$-)1'/+(/()$/-$
-)1($*"<&(!+;,$-)$&($/-$.-1-,-.$-,$&()$*'-.1()$
/-$ ',($ !".1-?($ 1"/(@:($ +,#(/'.($ ($ &")$
???????????????????????????????????????????
????????? ??? ?????? ????????????? ??? ???
-)*-!+-$-)1'/+(/(A3$(,1-)$/-$)'$+,@()+;,$-,$&($
?????? ???????? ???????????????? ?????? ?????$
????????? ??? ???????? ??????? ??????? ???????
???? ????????? ?????? ?????????? ??? ???????????
*.-*(.(/()$ *(.($ .-!+<+.$ ($ &")$ (B",-)$
1(&0#+!")3$ &()$ !%&'&()$ /-$ &($ 56$ /-7-,-.(,3$
?????? ??? ?? ????? ????????? ??????????? ????
????????????????????????????????????????????
???????????????????????????????
6".$"1."$&(/"3$-)10$/-)!.+1"$4'-$&()$*.+#-.()$
-2-.-,!+()$4'-$)(&-,$/-&$,-'."-*+1-&+"$)",$&")$
??????? ?? ??????? ????? ?????? ?????? ? ????????
?????????????????????????????????????????????
',$ *(*-&$ /-$ !%&'&()$ *+",-.()3$ /-$ 1(&$ #"/"$
????????????????????????????????????????????
?? ???? ??????????? ?????????????????? ???????
?????????? ???????????? ?? ?????????????????????
?? ????????? ???????????? ??????????? ?? ??????
??????? ??? ?????????? ????? ?? ?????????????? ???
*(*-&$7-,-.(&+?(/"$/-$7':($/-$*."9-!!+",-)$
-,$ -&$ /-)(.."&&"3$ &")$ (B",-)$ /-$ &()$ !%&'&()$
/-$&($56$,"$(&!(,?(,$1"/()$&()$.-7+",-)C$D):3$
)-$8($/-)!.+1"$4'-$,"$!.'?(,$*".$-&$ !'-.*"$
!(&&")"3$,+$(&!(,?(,$"1.()$-)1.'!1'.()$#0)$(&&0$
?????????????????????????????????????? ????????
??????? ???? ??????? ?????????? ??? ?????????????? ?? ???????? ?????? ??????????? ??? ???
??????????? ???????? ?? ????????? ??? ???? ?????? ??????????? ??? ????? ???? ??????? ?????????? ?????????
??? ????? ???????? ?????????? ???? ???? ???????????? ?? ??? ???????? ??? ??? ???????? ??? ?????????
????? ?????? ??????? ???????? ?????? ??????? ????????? ??? ??? ?????? ???? ????????? ??? ??? ??????
???????? ?????? ??? ?????????? ?????? ?????????? ???????? ??? ???? ???? ?????????? ???? ????? ?????????????
????? ????? ???????????????? ???? ????? ???????????? ???? ????? ?????????? ???? ?????????? ???????
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????????????? ????? ????? ??????????? ?? ????? ??
!"#$ !%$ &'()$ %*+,-#$ ./#$ 01#/$ !+2%10%/3+#$ !%$
'4+/+'/%,$%/$%,-%$567+-'$!%$%,-.!+'8
92+!%/-%6%/-%)$%1#$!%$,.4'/%1$:.%$!%7%1"#$
??????????????????????????????????? ??????????
????????????????? ???????? ????? ????????????
???????? ??????? ????? ??? ???????????????????????
4%1'$ %/$ ;#$ #3-.#;+!#!)$ /'$ ,%$ 3'/'3%$ 3'/$
41%3+,+</$%,-#$1%;#3+</8$='1$./$;#!')$#;0./',$
???????? ??????? ???? ?????? ?????? ???????
-#;56+3',)$3.#/!'$,%$%/3.%/-1#/$#$;#$#;-.1#$!%$
?????????????????????????????????????????????
?????????????????? ??????????? ??? ? ????????? ??
6'!'$ !%$ ,'4'1-%$ 1%3"41'3')$ ,%$ 0."#/$ 4#1#$
?????????? ???? ??????? ???????????? ?? ?????
6%3#/+,6'$41'4.%,-'$,%$;%$&#$!%/'6+/#!'$
???????????????????????? ?????????????????
?? ???????? ??????? ??? ???????? ????????? ???
'-1',$ #.-'1%,$ ,.0+%1%/$ :.%$ #67',$ -1#3-',$
/'$>#,3+3.;#/$%/-1%$,")$,+/'$:.%$,+64;%6%/-%$
,%$31.?#/$#$;#,$4.%1-#,$!%$;#$3'1-%?#$3%1%71#;$
?? ?????????? ??? ??? ????????? ?????? ??? ???
???????? ?????????????????????????????????????
92+!%/-%6%/-%)$/'$4'1$%;;'$,%$&#$!%$4%/,#1$
:.%$;#,$3@;.;#,$!%$;#$A=$,'/$+//%3%,#1+#,$4#1#$
??? ??????????? ????????? ??? ???? ?????? ???????
???????????????????????????????????????? ????
???????? ??? ??????? ?????? ?? ????????? ?????
#$ ;#,$3@;.;#,$!%$ ;#$A=)$ ;#,$#>%1%/3+#,$-5;#6'B
?????????? ??? ????????? ??????????????
??? ???????? ????? ??? ??? ????? ??? ??? ????????
?????????? ??? ??? ???????????? ??? ?????? ???????
??????????????????????????????????????????????
:.%$;#$%*3+-'-'*+3+!#!$!%;$C#+/#-'$#3-D#$,<;'$
#$/+2%;$!%$;#$A=$%/$%,-#!+',$-%641#/',)$4'/%/$
%/$ %2+!%/3+#$ :.%$ ;#$ %;+6+/#3+</$ !%$ !+3&#$
4'7;#3+</$3%;.;#1$ +64+!%$:.%$;',$#*'/%,$!%;$
-5;#6'$ 1%3'/'?3#/$ ,.$ !+#/#$ %/$ ;#$ 3'1-%?#8$
???? ??????????? ??? ????? ???????? ????????
:.%$ ;#,$ /%.1'/#,$ !%$ ;#$ A=$ ,'/$ /%3%,#1+#,$
4#1#$ :.%$ ;',$ #*'/%,$ !%$ /D3;%'$ 0%/+3.;#!'$
;#-%1#;$!%;$ -5;#6'$#;3#/3%/$ ;#$3'1-%?#$2+,.#;$
??????????????????????????????????????? ????????
?????????????????????????????????????????????
??? ????? ??????????????? ????????????? ??????
???? ??????????????????? ???????????????????
????????????????????????????? ???????????????
=%1'$ @,-%$ %,$ ,<;'$ ./$ %E%64;'$ !%$ ;',$ 2#1+',$
?????????????????????????????????????????????
????????????????????? ??? ????????????????? ???
??? ??? ??????????? ??? ?????????? ??????????
????? ????? ???? ??????? ??? ??????????????????
????????????????????????????????????????????
??????????????????????????????????????????????
???????????????????????????????????????????????
/%3%,#1+#$ 4#1#$ %;$ 3'11%3-'$ 4',+3+'/#6+%/-'$
??? ???? ?????? ??????????? ????? ??? ??? ????? ???
./$ %,-.!+'$ 1%#;+?#!'$ %/$ %;$ ;#7'1#-'1+'$ !%$
?????????? ???????? ?? ?????? ?????? ??? ??? ?????
'7,%12#/$:.@$ ,.3%!%$3.#/!'$/'$%*+,-%$./#$
!+2+,+</$!%$;#$==$%/$!',$51%#,$!+>%1%/3+#!#,)$
?????????????????????????????????????????????
;'$-#/-'$%/$4',+3+</$%*-%1/#)$3'/$1%,4%3-'$#$
??? ???? ??? ??????? ?? ???? ?????? ?????????? ?? ?? ???
?????????????????????????? ?????????? ???????
?????????????? ????????? ???????????????????????
%/$ %;$ %,-1#-'$ !%$ ;#$ A=)$ ,+0.%/$ #,3%/!+%/!')$
????????? ??? ??? ??? ?? ????? ??? ?????? ???????
#;3#/?#/$ #$ ;#,$ 3@;.;#,$ !%$ ;#$ A=)$ :.%$%/$%,-%$
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!"#$%&#'&'(!)'(*+"&'(&)("&,$#-!-.(&/"+0-("1%&
'(&1"&22&($&3-4-3-3"5&6/7$#&*+"7"8$#%&-(3-!"(%&
,$+&1$&*"(*$%&1"&-/,$+*"(!-"&3'&1"&'9-#*'(!-"&3'&
1"#&!:1)1"#&3'&1"&;2&'(&1"&!$++'!*"&-('+4"!-.(&
?????????????????????????????????????????
??????????????? ??? ???? ?????????? ?????????
??????????????????? ??? ???? ???? ??? ??????????
??? ??????????? ??? ?????????? ?????????? ??????
1$#& "9$('#& "#!'(3'(*'#&3'& 1"#& !:1)1"#& 3'& 1"&
??? ?? ???? ???????? ??? ?????????????? ?????????
?? ?????? ??????? ??? ????? ???????? ??? ??? ??
????????? ???? ????????? ???????????? ???
??? ??? ???????? ?? ???? ???????? ??? ??????????????
3'& *"1& /$3$& <)'%& "& ,'#"+& 3'& #'+& "/7"#&
'#*+)!*)+"#& #),)'#*"/'(*'& *+"(#-*$+-"#%&
???????????????????????????????????????????
????????????????????????????????????????
????? ??? ??? ??????????? ??????? ??????????
3)3"#& "!'+!"& 3'& $*+"#& /)!="#& >)(!-$('#&
<)'& ,$3+?"& 11'4"+& "& !"7$& '#*"& ,$71"!-.(&
*'/,+"("5& @(& ,+-/"*'#%& ,$+& '8'/,1$%& '1&
='!=$&3'& 1"&,'+#-#*'(!-"&3'&!:1)1"#&3'& 1"&;2&
?? ????? ??? ???????????? ?????? ??? ??????????
??????????????????????????????????? ????? ?????
?????????? ?? ??????? ??????? ??????? ???? ?????
??????? ???? ?????????????? ??? ????? ??????????
'(&'#*"3-$&"3)1*$%&($&,)3-:(3$#'&!$(#-3'+"+&
???????????????????????????????????????? ????
?????????? ???? ???????????? ?????????? ???? ???
*"(*$%& "& 1"& #-0)-'(*'& ,+'0)(*"%& A!)B1& '#& '1&
,",'1&3'&'#*"#&!:1)1"#&*+"#&'1&3'#"++$11$C&@(&
1"& "!*)"1-3"3%& #-0)'(& #-'(3$& ,+'0)(*"#& #-(&
+'#,)'#*"#5
!"# $%&'(# )*+,+!-*(# .# &!$-/0# 1*#
*2&-*(%/0#1*#+!#(,3&+!)!
?????? ??? ??????????????????????? ??????????
/)D&='*'+$0:('"#&*"(*$&"&(-4'1&/$+>$1.0-!$&
????? ?????????? ?? ???? ????? ?? ???????????
????????????????????????????????????????????
??????????????????????????????????????????????
???????? ???????? ??? ??????????? ????????
!:1)1"#& '(& /-0+"!-.(& *"(*$& 01)*"/"*:+0-!"#&
??????????????????????????????????????????
??????? ?? ????????? ??????? ??????? ???????
???? ??? ??? ?????????? ???????? ?????????? ??? ???
/'($#&#)&>)(!-.(&/B#&3'#!+-*"E&'#&1"&3'&0)-"+&
?? ???? ?????? ????????????????? ????????????
*+"(#-*$+-"/'(*'&="!-"&*B1"/$%&'#*"#&!:1)1"#&
3'7-'+"(& #'+& '(& #)& /"D$+?"& !:1)1"#& 3'&
,+$D'!!-.(5& @4-3'(*'/'(*'%& ("3"&/B#& 1'8$#&
3'& 1"& +'"1-3"3%& ,)'#*$& <)'& '9-#*'& )("& 0+"(&
???????? ??? ?????????????? ??? ????? ????????
<)'& ,'+/"('!'(& '(& 1"& !$+*'F"& ="!-'(3$&
?????????? ????????????????? ???????? ????? ???
'8'/,1$& 3'& '#*"#& -(*'+(')+$("#%& ")(<)'&
,+$7"71'/'(*'&($&3'/"#-"3$&!$/G(%& #'+?"&
'1&3'#!+-*$&'(&'1&","+*"3$&"(*'+-$+&'(&'1&<)'&
!:1)1"#& 3'& 1"& ;2& !$(*"!*"(& !$(& !:1)1"#& 3'&
??????????????
2$+& $*+$& 1"3$%& #'& !$($!'& <)'& 1"#& (')+$("#&
??? ??? ????????? ???? ??????????????? ???????
D& ,)'3'(& 3-#,"+"+& ,$*'(!-"1'#& 3'& "!!-.(&
?????????????????????? ??????????? ????? ??????
???????????????????????????????????? ???????
,"+'!'& #'+& <)'& #'& -(!$+,$+"(%& "1&/'($#& 3'&
??? ???????????????????????????????????????????
?? ??????????? ??????????? ?? ????? ?????? ???????
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?? ?????? ?????? ????????????? ?? ?????? ??????
???????????????????????????????????????????????
?????????????????????????????????????????????
!"#$ %#$ &#'()*'$ +',&*$ -$ #.&/"%,0*1#'(#$ #'$
)#*/,2*)$3#%&),4&,5'#%$'5$%6/5$*'*(61,&*%$3#$
??????????????????????????????????????????????
#%$ !"#$ "'$ 7"#'$ 4),'&,4,5$ 4*)*$ &*)*&(#),2*)$
4)58"'3*1#'(#$ *$ "'*$ 457/*&,6'$ &5'&)#(*$
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The olfactory cortex (OC) is a complex yet evolutionarily well-conserved brain region, made
up of heterogeneous cell populations that originate in different areas of the developing
telencephalon. Indeed, these cells are among the first cortical neurons to differentiate. To
date, the development of the OC has been analyzed using birthdating techniques along
with molecular markers and in vivo or in vitro tracking methods. In the present study, we
sought to determine the origin and adult fate of these cell populations using ultrasound-
guided in utero injections and electroporation of different genomic plasmids into the lateral
walls of the ventricles. Our results provide direct evidence that in the mouse OC, cell
fate is determined by the moment and place of origin of each specific cell populations.
Moreover, by combining these approaches with the analysis of specific cell markers, we
show that the presence of pallial and subpallial markers in these areas is independent of
cell origin.
Keywords: mouse, olfactory system, pallium, subpallium, Tbr1
INTRODUCTION
The cell populations that give rise to different structures dur-
ing the embryonic development of the nervous system originate
in multiple and distinct germinative regions, frequently far from
the site at which they ultimately settle. These cells migrate along
well-established routes to occupy their final position and differen-
tiate into adult neurons. Accordingly, neuroblast displacement is
a source of cellular variability in any given structure. Neuroblasts
migrate using radial and/or tangential migratory pathways.While
radial movement involves the use of the radial glia as a scaffold
(Rakic, 1972), tangential migration occurs independent of glial
cells and follows an orthogonal route, parallel to the pial surface.
This latter form of migration allows migratory cells to colonize
locations at a significant distance from their origin (De Carlos
et al., 1996; García-Moreno et al., 2010).
It has been proposed that each encephalic structure is
comprised of multiple cell populations that are generated at
diverse locations during a specific embryonic time-window, each
expressing distinctive cell markers (García-Moreno et al., 2008).
However, extreme caution is required when attributing a spe-
cific marker to a given cell population, which may display
non-uniform expression during its spatio-temporal development.
Several specific markers for distinct areas of the nervous system
have been described. For example, the telencephalon is anatom-
ically divided into the pallium and subpallium, due to the influ-
ence of dorsal (Lee and Jessell, 1999; Liem et al., 2000) and ventral
(Echelard et al., 1993; Fan and Tessier-Lavigne, 1994; Martí et al.,
1995) cues during development. These zones give rise to cell pop-
ulations that express specific markers, such as the T-box brain 1
(Tbr1), proposed to be a typical marker of pallium-derived cells
(Puelles et al., 2000). However, Tbr1 expression in pallial cells
has also been described, regardless of their site of origin (Bulfone
et al., 1995).
The olfactory cortex (OC) is composed of a variety of struc-
tures located in the most ventrolateral region of the mammalian
telencephalon, namely the anterior olfactory nucleus, olfactory
tubercle (OT), piriform cortex (PC), olfactory amygdaloid nuclei,
and enthorrinal cortex (EC). Efferent projections from the olfac-
tory bulb converge to form the lateral olfactory tract (lot), which
runs through the outer portion of the PC. In rodents, the OC
is one of the first structures to form in the telencephalon, even
before the neocortex (García-Moreno et al., 2008). Several prolif-
erative areas have been described from which cells migrate toward
the OC, specifically colonizing the PC and OT. These include the
lateral ganglionic eminence (LGE), dorsal telencephalon, rostro-
medial telencephalic wall, and the septoeminential sulcus. Each
area gives rise to a cell population expressing specific mark-
ers in the embryo, including Tbr1, calretinin (CR), calbindin
(CB), and reelin (Reln). However, the differentiation of these
cells, which are derived from distinct germinative areas, and their
expression during the development of the OC remain poorly
understood. To better understand how this structure matures
and how the distinct cell populations that contribute to this tis-
sue are established, we have studied the expression of specific
markers (Tbr1, CR, CB, and Reln) during the development of
the OC.
MATERIALS AND METHODS
ANIMALS
C57BL6 mice were raised at the animal facility of the Cajal
Institute, in compliance with the current Spanish legisla-
tion (R.D. 1201/2005 and L.32/2007) and European Union
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Abstract
The mammalian olfactory cortex is a complex structure located along the rostro-caudal extension of the ventrolateral
prosencephalon, which is divided into several anatomically and functionally distinct areas: the anterior olfactory nucleus,
piriform cortex, olfactory tubercle, amygdaloid olfactory nuclei, and the more caudal entorhinal cortex. Multiple forebrain
progenitor domains contribute to the cellular diversity of the olfactory cortex, which is invaded simultaneously by cells
originating in distinct germinal areas in the dorsal and ventral forebrain. Using a combination of dye labeling techniques, we
identified two novel areas that contribute cells to the developing olfactory cortices, the septum and the ventral pallium,
from which cells migrate along a radial and then a tangential path. We characterized these cell populations by comparing
their expression of calretinin, calbindin, reelin and Tbr1 with that of other olfactory cell populations.
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Introduction
Migration is an essential process in the development of the
nervous system, allowing newly generated cells to reach sites far
from their origin. Indeed, all nervous system structures represent
aggregates of distinct cell populations that are actually generated
in distinct areas, each expressing different cell markers and using
specific migratory pathways to reach their final target destinations.
Two main migratory mechanisms have been described in the
nervous system: radial and tangential migration (for review see
[1]). While the former is dependent on radial glia cells and
generally involves cell migration over short distances [2],
tangential migration occurs independently of glia cells and it is
more widespread in earlier developmental stages, before glial cell
maturation [3–5]. These migratory pathways can overcome
barriers between different developmental vesicles, with no limit
to the distances over which cells can migrate.
The sources of cells that form specific encephalic structures are
often investigated using tissue slices that are labeled and cultured
in plates, whereas in the present study we have analyzed cell
migration during development in whole embryos. This approach
ensures that rostro-caudal migratory routes develop normally,
thereby circumventing several drawbacks of the tissue slice
approach, including the loss of targets and cell guidance cues
and the erroneous migration of newly generated cells.
We previously demonstrated that olfactory cortex cells are
generated in most telencephalic proliferative areas just before the
cortical preplate is split by the accumulation of newly generated
cortical plate cells [4]. In the present study, we focused on two
proliferative areas not featured in our previous analyses, the septal
area and the ventral pallium (the pallial region located next to the
pallium-subpallium boundary). Using fluorescent tracer injections,
we characterized the migratory pathways of cells of septal and
ventral pallial origin at different developmental stages (E10.5 to
E12.5) to determine the individual contributions of these
proliferative regions to the developing brain. Moreover, we
investigated whether these regions give rise to olfactory cortex
cells during this developmental window, or to more heterogeneous
populations that can also reach the cerebral cortex, as proposed by
other authors [6–8].
Results
Cell Migration from the Septum
To determine the fate of cells generated in the septal area at
E10.5 and E11.5, fluorescent tracers (CFDA or DiI) were injected
exo utero into whole embryos that were then cultured in roller
bottles for 24 hours. Embryos injected at E10.5 exhibited very few
cells of septal origin (Fig. 1 A), which initially followed a ventral
migratory pathway and subsequently switched to a lateral pathway
to move away from the midline through the outermost subpallial
layer. The cells then migrated caudally to ultimately reach the
mid-region of the telencephalon in the rostro-caudal axis (Fig. 1
A–D). One day after septal injections in E11.5 embryos, large scale
migration of labeled cells was observed along ventral and lateral
routes in the direction of the olfactory cortex (Fig. 1 E-H). The
cells initially migrated radially from the septal ventricular zone to
the outermost layer, subsequently migrating tangentially through
the diagonal band of Broca (DBB) to reach the olfactory tubercle
and piriform cortex (Fig. 1 I–T). These cells exhibited complex
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The amygdala is a functionally and structurally heterogeneous com-
plex of nuclei1 located in the ventro-caudal telencephalon that is 
important for processing and memory of emotional reactions. On 
the basis of structural, functional and developmental features, the 
amygdala is divided into four groups of nuclei and a rostro-medial 
extension called the extended amygdala that includes the bed nuclei 
of the stria terminalis (BST) and the substantia innominata2–4. 
In terms of embryological origin, the amygdala consists of two groups 
of nuclei5,6 that arise from pallial7–10 and subpallial11–14 compartments, 
although some amygdaloid nuclei are of mixed developmental origin. 
The medial amygdaloid nucleus (MeA) that forms the vomeronasal 
amygdala, along with the posterior-medial cortical amygdaloid 
nucleus (PMc), express genes that are typical of both telencephalic 
subdivisions and they receive cells from each component11,15,16. 
Moreover, the expression of certain diencephalic genes, such as 
Orthopedia (Otp)17,18, Single disabled-mind 1 (Sim1)19 and Brain-2 
(Brn2)20, suggests that some amygdaloid nuclei have a dual prosen-
cephalic origin14,21–23.
Otp is a highly conserved gene encoding a homeodomain transcrip-
tion factor that is specifically associated with the development of the 
hypothalamus in vertebrates18,24. Otp is essential for the differentia-
tion of neuroendocrine hypothalamic neurons associated with the 
paraventricular hypothalamic (PVH) and supraoptic nuclei17,25,26. 
However, as such neurons are absent from amygdaloid nuclei, Otp 
might have a different role in this system. It is not clear whether OTP-
expressing cells can reach telencephalic structures from their origins 
in diencephalic germinative zones or whether these cells are originally 
telencephalic and they simply express OTP once they become inde-
pendent of the hypothalamus.
We examined the development of the telencephalic OTP-expressing 
cell population to determine whether cells generated in the hypo-
thalamus colonize the telencephalon. We identified a route of 
tangential cell migration in which cells expressing OTP transgress 
the di-telencephalic junction (DTJ). Subsequently, we used differ-
ent in utero approaches to determine whether OTP expression was 
necessary for these cells to migrate toward their targets. The cells 
that migrated along this pathway originated exclusively in the rostro-
dorsal hypothalamic ventricular zone and were targeted to several 
amygdaloid nuclei. These diencephalic migratory cells expressed 
OTP and were spatially related to the stria terminalis. Hypothalamic 
cells no longer colonized the amygdala when OTP expression was 
silenced and they failed to migrate along this pathway, as was evident 
in Otp−/− mice. Our data indicate that some amygdaloid nuclei are 
composed of a complex mixture of cells of diencephalic-telencephalic 
origin and identify the migratory pathway followed by hypothalamic 
neurons to reach these nuclei and a transcription factor that controls 
this process.
RESULTS
OTP expression during development
Otp is believed to be exclusively involved in the development of 
the hypothalamic neuroendocrine lineage27. We examined the 
spatiotemporal expression of murine OTP protein during embryonic 
brain development. We first detected OTP protein at embryonic day 
10 (E10) in the ventral diencephalon and in the mantle of the dorsal 
and ventral hypothalamic areas (Fig. 1a–c). These domains probably 
belong to the PVH (Fig. 1b and Supplementary Table 1) and the 
ventro-medial hypothalamic nucleus (VMH; Fig. 1c), respectively. 
At E11, a similar pattern of OTP expression was detected in the 
hypothalamus, together with some labeling at the DTJ (Fig. 1d–g). 
Indeed, several OTP-immunoreactive cells were located at the 
boundary between both vesicles (Fig. 1f,g), suggesting that cells 
generated earlier had migrated from the hypothalamus toward 
the telencephalon. As development progressed, the number of 
A neuronal migratory pathway crossing from 
diencephalon to telencephalon populates  
amygdala nuclei
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Neurons usually migrate and differentiate in one particular encephalic vesicle. We identified a murine population of diencephalic 
neurons that colonized the telencephalic amygdaloid complex, migrating along a tangential route that crosses a boundary 
between developing brain vesicles. The diencephalic transcription factor OTP was necessary for this migratory behavior.
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